Background-It is widely supposed, but not well-demonstrated, that cumulative advances in standard care have reduced recurrent stroke and cardiovascular events in secondary prevention trials. Methods and Results-Systematic search identified all randomized, controlled trials of medical secondary stroke prevention therapies published from 1960 to 2009. Randomized, controlled trials narrowly focused on single stroke mechanisms, including atrial fibrillation, cervical carotid stenosis, and intracranial stenosis, were excluded. From control arms of individual trials, we extracted data for baseline characteristics and annual event rates for recurrent stroke, fatal stroke, and major vascular events and analyzed trends over time. Fifty-nine randomized controlled trials were identified, enrolling 66 157 patients in control arms. Over the 5 decade periods, annual event rates declined, per decade, for recurrent stroke by 0.996% (Pϭ0.001), fatal stroke by 0.282% (Pϭ0.003), and major vascular events by 1.331% (Pϭ0.001). Multiple regression analyses identified increasing antithrombotic use and lower blood pressures as major contributors to the decline in recurrent stroke. For recurrent stroke, annual rates fell from 8.71% in trials launched in the 1960s to 6.10% in the 1970s, 5.41% in the 1980s, 4.04% in the 1990s, and 4.98% in the 2000s. The sample size required for a trial to have adequate power to detect a 20% reduction in recurrent stroke increased 2.2-fold during this period. Conclusions-Recurrent stroke and vascular event rates have declined substantially over the last 5 decades, with improved blood pressure control and more frequent use of antiplatelet therapy as the leading causes. Considerably larger sample sizes are now needed to demonstrate incremental improvements in medical secondary prevention. (Circulation. 2011;123:2111-2119.)
It is ironic that further advances in developing stroke prevention interventions can be hindered by past successes. If event rates in control arms of trials decline as a result of incorporating more and more proven therapies into standard care, greater sample sizes will be needed to test additional promising interventions, and trials will need to be larger and more expensive to be adequately powered. Epidemiological studies have demonstrated that first-ever stroke rates have declined by 20% to 40% with the improvement of risk factor control. 5, 6 It is widely supposed that similar or greater reductions have occurred in recurrent stroke rates, 7 but salient studies are sparse, and the effect of event rate reductions on planning new secondary prevention trials has not been quantified.
This study seeks to quantify trends in recurrent stroke and vascular event rates in medical secondary stroke prevention trials over the last 50 years and assess their impact on designing future secondary stroke prevention trials. We also explored the influence of changes in frequency and control of vascular risk factors on the secular trends of vascular event rates.
Methods

Search and Inclusion Criteria
We performed a systematic search of the medical literature to identify medical secondary stroke prevention trials published until April 2009. The search was restricted to articles published in English appearing in journals listed in MEDLINE. We also reviewed the introduction and discussion sections of retrieved trials and of related meta-analyses to identify additional trials.
To promote homogeneity of populations compared across trials, this systematic review was confined to medical secondary prevention trials with broad subtype entry criteria, enrolling diverse ischemic stroke or noncardioembolic ischemic stroke patients. Trials enrolling only more narrowly defined, distinctive stroke subtypes were excluded, including studies of secondary prevention of stroke due to AF, cervical carotid stenosis, and intracranial stenosis.
Inclusion criteria were as follows: (1) randomized, controlled trial; (2) majority of qualifying events were ischemic stroke or transient ischemic attack (TIA); (3) intervention was a medical treatment; and (4) Ͼ6-month follow-up. Stroke and TIA qualifying event subgroup data were used from trials that enrolled patients with multiple types of qualifying events, not restricted to cerebral ischemic events, if detailed information about the event rates and baseline characteristics of the cerebral ischemic event subgroup was provided separately. Exclusion criteria were as follows: (1) trials confined to patients with AF, cervical carotid stenosis, or intracranial stenosis; (2) surgical or endovascular trials; (3) outcome event rate data not reported; (4) results reported only in abstract form; (5) inappropriate randomization method, such as allocation based on birth date; and (6) trial reported in non-English language.
Data Collection
From the control arm of each trial, we extracted data for annual event rates of recurrent stroke (ischemic or hemorrhagic), fatal stroke, and the composite of nonfatal stroke, nonfatal myocardial infarction, and vascular death (major vascular events). We also extracted data for the following control group baseline characteristics: age, sex, systolic blood pressure (SBP) and diastolic blood pressure (DBP) at entry, history of hypertension, diabetes mellitus, hyperlipidemia, current smoking, coronary heart disease, peripheral arterial disease, TIA proportion as a qualifying event, maximum allowed interval from the qualifying event to enrollment, blinding, and frequency of concomitant use of antithrombotics, antihypertensives, and lipidlowering agents during the trial.
Annual event rates were abstracted if directly stated and otherwise derived from the reported number of events and person-years of follow-up. Person-years were derived in the following hierarchical order on the basis of the available data: (1) person-years directly stated (13 trials); (2) derivation from displayed number of patients at risk in survival curves or life tables (17 trials); and (3) number of patients multiplied by mean or median duration of follow-up (29 trials). To analyze trends across trials over time, year of enrollment start and year of follow-up end were extracted from each trial. For 3 trials in which the year of enrollment start was not stated, we estimated it from the trial duration and publication year using the following formula: year of enrollment startϭpublication yearϪdu-rationϪ1 year.
For placebo-controlled trials, the placebo arm was considered the control arm. For trials comparing 2 active interventions, the arm with the more well-established therapy was considered the control arm (eg, in clopidogrel versus aspirin, aspirin was the control arm). For trials of the same agent, the lower-dose arm was considered the control arm except for the Dutch TIA aspirin trial, which compared the 30-mg arm versus the 283-mg arm. 8 As long as trials did not specifically state the inclusion of all recurrent events as their composite outcome end point, we assumed that only the first events were counted for the composite end point. When multiple counting of event numbers was considered on the basis of the observation of individual event numbers (eg, total sum of nonfatal stroke, myocardial infarction [MI], and vascular death events was higher than the composite event number), to avoid multiple counting of events, we first abstracted the numbers of all stroke (or all MI) and fatal stroke (or fatal MI) and then recalculated nonfatal stroke (or nonfatal MI). If the event rate for vascular death rate was not reported separately, we analyzed the all-cause mortality rate. Data extractions were based on the intention-to-treat populations.
We also abstracted, when reported, the expected event rate and treatment effect size used in trial sample size projections and assessed discrepancies between the predicted and the observed values for event rates and relative risk reductions (RRRs) for primary end points of the individual trials. These analyses focused on whatever end point was selected as the primary outcome for the trial, which was variable across the trials and included recurrent stroke, recurrent stroke or death, or composite of nonfatal stroke, nonfatal MI, and vascular death (or all-cause death). The discrepancy ratio [(predicted valueϪobserved value)/(predicted value)ϫ100, %] was analyzed for trends over time and compared between positive and negative trials.
Data abstraction was performed in parallel by 3 investigators (S.Y., M.L., K.H.). Discrepancies were resolved by discussion.
Statistical Analyses
This was a study-level rather than an individual, patient-level systematic review, and each study was treated as a unit. Trends over time of annual event rates and the association of individual clinical characteristics with annual event rates were analyzed by restricted maximum likelihood fitting of univariable linear mixed metaregression models for reported event rates. In these models, the effects of predictors were considered as fixed, studies varied additionally by normally distributed random effects, and event rates were weighted inversely to their estimated variances assuming that the numbers of events followed Poisson distributions. 9 For multivariable random-effects meta-regression analyses to explore the influence of changes in clinical characteristics on the secular trends of annual recurrent stroke rates, we selected variables (1) that were associated with a decrease of recurrent stroke rate in univariable metaregression analyses and (2) that showed a significant trend over time on Spearman's correlation analyses.
In the primary analysis, each trial was time ranked on the basis of the year of starting enrollment. In sensitivity analyses, trials were time ranked on the basis of (1) year of end of follow-up and (2) midpoint year between enrollment start and follow-up end.
To determine the impact of event rate trends on sample sizes for adequately powered secondary prevention trials, we calculated for each decade the sample size required for a hypothetical trial designed to detect a 20% RRR in the frequency of recurrent stroke with 2 years of follow-up, 80% power, and 5% ␣ error.
Whereas a random-effects meta-regression model was used to identify trends of annual event rates over time as well as associations of clinical characteristics with event rates, the presented individual values of annual event rates and characteristics for variable periods and conditions were obtained from a simple average without samplesize weighting. Then the Mann-Whitney U test was employed for the comparison of these values between dichotomized conditions. All the analyses were performed with the use of SPSS (version 12.0; Chicago, IL) except for the meta-regression analyses, for which a "metareg" command in STATA (version 11.0; College Station, TX) was used. Statistical significance level was set at PϽ0.05.
Results
Fifty-nine trials met study entry criteria, enrolling a total of 66 157 patients in control arms. Characteristics of individual trials and all trials combined are summarized in Table 1 . Citations and full study names, in addition to acronyms for each trial, are listed in the online-only Data Supplement. By decades, 5 trials began enrollment in the 1960s, 11 in the 1970s, 13 in the 1980s, 24 in the 1990s, and 6 in the 2000s. There were 51 double-blind and 8 open-label trials; 37 trials tested antithrombotic agents (62.7%), 11 antihypertensives (Figure) . Annual event rates for fatal stroke fell by 0.282% per decade, from 2.87Ϯ1.04%/y in the 1960s to 0.36Ϯ0.14%/y in the 2000s. Annual event rates for major vascular events fell by 1.331% per decade, from 10.91Ϯ1.29%/y in the 1960s to 6.29Ϯ0.68%/y in the 2000s ( Table 2 ). In sensitivity analyses, these rates of change over time were essentially unchanged when each trial was time ranked on the basis of the year of follow-up end and midpoint year between enrollment start and follow-up end rather than year of enrollment start.
When the study periods were dichotomized into the era before and after 1990, the annual event rates (obtained from the simple average without sample-size weighting) declined from 6.24Ϯ0.54%/y to 4.21Ϯ0.32%/y for recurrent stroke, from 1.31Ϯ0.25%/y to 0.39Ϯ0.05%/y for fatal stroke, and from 9.39Ϯ0.71%/y to 6.65Ϯ0.35%/y for major vascular events (PϽ0.05 for all).
In univariate meta-regression analyses, the annual recurrent stroke rate was positively associated with proportion of patients with a history of hypertension and was negatively associated with increasing proportion of patients on antithrombotic agents, TIA as a qualifying event, and increase of maximum allowed delay from onset. When the event rates were compared between double-blind and open-label trials, no significant differences were found for annual recurrent stroke ( As shown in Table 3 , substantial changes over time were noted in the frequencies of several vascular risk factors in the control arms. The proportions of patients with histories of hypertension, diabetes mellitus, hyperlipidemia, and concomitant antithrombotic use have increased, whereas SBP values, DBP values, smoking, and proportion with TIA as a qualify- To define the factors underlying the decline in the annual recurrent stroke rate over time, we performed multivariable random-effects meta-regression analyses. When antithrombotic use, SBP, or DBP was included in the multivariable meta-regression models, the year of study initiation dropped out as an independent predictor of the annual recurrent stroke rate. However, putting the variables of current smoking, TIA proportion, or maximum allowed delay into the model did not change the statistical significance ( Table 4 ).
The sample size planning assumptions regarding control arm event rates and treatment effect magnitude were stated for 41 and 42 trials, respectively. Predicted control arm event rates tended to be higher than actual observed rates by 10.1% (95% confidence interval, Ϫ0.2 to 20.3). Predicted treatment effect RRRs were higher than actual observed RRRs by 60.6% (95% confidence interval, 26.8 to 94.4). These discrepancies did not change over time (event rates: rϭ0.051, Pϭ0.753; RRRs: rϭ0.083, Pϭ0.602). For control arm event rates, 18 trials (43.9%) overestimated actual observed rates by Ͼ20%. The proportion of trials with Ͼ20% overestimation was similar between positive and negative trials (47.1% versus 41.7%; Pϭ0.760). For treatment effect RRRs, 30 trials (71.9%) overestimated actual RRRs by Ͼ20%.
The impact of recurrent stroke rate trends on the sample sizes required for adequately powering trials to test new interventions was substantial. The projected control group sample sizes for a secondary stroke prevention trial with 2 years of follow-up to detect a 20% RRR of a new medical intervention with 80% power and 5% ␣ error increase from 4674 in the 1960s to 5379 in the 1970s, 6354 in the 1980s, 7773 in the 1990s, and 10 089 in the 2000s. For the 2010s, the annual stroke recurrent rate in trial control arms, if a continued linear decline is assumed, is predicted to be 2.25% [from the following formula: event rateϭ(Ϫ0.997)ϫ(rank of decade)ϩ8.225]. Consequently, control group sample size requirements would increase to 15 983 patients for the same projected treatment effect.
Discussion
This study-level systematic review demonstrates that rates of recurrent stroke and major vascular events have declined substantially in the control arms of secondary stroke prevention trials over the last 5 decades. The average annual recurrent stroke rate in the 1990s and 2000s was approximately half that in the 1960s. Consonant with their known powerful effects in reducing global vascular risk, increased use of antithrombotics and decreased SBP or DBP were each individually sufficient, in multiple meta-regression models, to account for the statistically significant secular decline in the recurrent stroke rate.
The medical treatment of atherosclerotic disease has evolved dramatically over the last 50 years. Successive waves of treatments moved from being of uncertain efficacy and experimental to being of proven benefit and standard of care, including antihypertensive therapy performed in the 1960s and early 1970s, antiplatelet therapy in the 1970s and 1980s, and statins between the 1990s and 2000s. Clinical trials are ethically required to ensure that patients in control groups receive the best standard care.
Our study suggests improvements in control of several cardinal risk factors over time. The single most important risk factor for stroke is blood pressure, which alone accounts for 30% to 40% of all strokes. 2 A marked and steady decline in SBP and DBP at trial entry occurred over the 50-year study period. Smoking frequency dropped dramatically over the study period, from over half of patients in the 1960s to approximately only one fifth of patients in the 2000s.
A more complex pattern was noted for the risk factors of diagnosed hypertension, hyperlipidemia, and diabetes mellitus. Frequencies of these risk factors were high in the 1960s, declined in the 1970s and 1980s, and then increased again in the 1990s and 2000s. Trial focus on these conditions is one factor explaining this variation. For example, among the 11 trials of antihypertensive therapy, 2 were in the 1960s, 4 in the 1980s, 4 in the 1990s, and 1 in the 2000s. But this evolution likely also reflects other factors, including the following: (1) changes in the definition of these conditions over time to include less severe cases; (2) increased population and practitioner awareness of the importance of these conditions, resulting in more frequent rendering and recall of diagnosis; and (3) a compensatory reaction of clinical trialists to declining event rates to change study entry criteria to require the presence of more vascular risk factors in order to enrich trial populations with patients with at least moderate risk for events.
Our results are in accord with multiple epidemiological studies that have demonstrated a decline in first stroke rates over this half-century period. Our findings regarding trends in risk factor frequencies also are concordant with the results of a population-based epidemiological study, in which ageadjusted stroke incidence and stroke mortality decreased in concert with an improvement of blood pressure control and smoking cessation and despite an increase in diabetes mellitus and hyperlipidemia prevalence. 6 Several recent studies of stroke rate in asymptomatic carotid stenosis also support our observations. 10, 11 A systematic review demonstrated that the annual stroke rate of patients with asymptomatic carotid stenosis on medical treatment has significantly declined over the last 25 years, which is likely attributed to the improved risk factor controls. 10 Our findings contrast with a recent study of event rates in stroke clinical trials that analyzed a more restricted group of trials. 12 That analysis examined the rate of major vascular events in the aspirin arms of 34 antiplatelet trials and found no major decline over time. The different findings of our study likely reflect several factors, including the following: (1) broader study selection criteria yielding a larger corpus of trials covering a broader time period with increased statistical power; (2) analysis of a wider set of outcomes, including all stroke alone and fatal stroke alone, in addition to the composite of stroke, MI, and vascular death; and (3) inclusion of older trials using no aspirin in the control arm and of later trials using newer antiplatelet agents more effective than aspirin in the control arm.
Our study demonstrated that, throughout the past 50 years, there have been great discrepancies between the actual sample sizes used in clinical trials and the sample sizes that would have been required for adequately powered trials on the basis of actual observed event rates. The ratios of adequately powered sample sizes to the actual median values of trials were 35.4 in the 1960s, 29.3 in the 1970s, 12.5 in the 1980s, 9.2 in the 1990s, and 4.4 in the 2000s. This improving trend indicates clinical trialists' increasing awareness of and attention to the problem of underpowered trials. However, although the degree of insufficient power in trials used to be even more severe than at present, the problem of needing very large sample sizes to adequately power trials is greater now than ever. More accurate prediction of vascular event rates in control arms is accordingly urgently needed.
The prediction of vascular event rates in trial control arms is critical in designing clinical trials. More than 4 of every 10 secondary prevention trials overestimated primary end point event rates by Ͼ20%. Selection of correct sample size for trials may be more likely if projections do not simply reflect event rates observed in earlier completed trials, but also incorporate the observation that recurrent event rates have historically declined per decade by Ϸ1.0% for recurrent stroke and 1.3% for major vascular events that might be attributed to improved vascular prevention therapies. Of course, in the coming years, the pace of event rate decline may vary from the historical norm. If so, event rate changes among more recent, larger trials may provide better future guidance than trends influenced by data from older and smaller studies. Our findings also underscore the dangers of using historical controls to support the efficacy of interventions, which is a current problem for single-arm device studies in particular.
The present study could not directly demonstrate an increasing use of antihypertensive therapy among stroke patients because information on the rate of antihypertensive use was missing from many trial reports. However, throughout the study period, whereas the proportion of patients with a history of hypertension enrolled in trials increased, the measured SBP and DBP at trial entry decreased. This finding strongly suggests that more aggressive and successful deployment of antihypertensives has occurred among stroke patients. 13 This study has limitations. The entry criteria excluded trials solely targeted at patients with specific vascular conditions, such as AF or cervical carotid stenosis. This enhanced the comparability of analyzed trials but limited the breadth of the analysis. Analyses of event rates in control arms of these more focused stroke subtype trials would be of interest as topics of future investigations. A portion of the decline in stroke event rates we observed may have been due to increasing exclusions over time from general prevention trials of patients with specific, high-risk causes, such as AF and cervical carotid stenosis. For AF, however, such a trend does not appear to have been a major factor. The proportion of patients with AF at enrollment did not show a statistically significant decline over time. For severe carotid stenosis, the frequency of this condition in trial populations was not reported frequently enough to allow detailed analysis of potential confounding. However, because symptomatic cervical carotid stenosis is present in only Յ11.5% of all patients with ischemic stroke, 14 it is also unlikely to have exerted a major confounding effect. The declining event rates primarily reflect genuine advances in primary and secondary prevention rather than solely a differing selection of patients.
Diagnostic technologies have evolved dramatically over the last 50 years, altering event definitions for both study entry and study end point. We were not able to analyze precisely the effect of the incorporation of these technologies in study design; many trials did not provide details of event adjudication processes, and any diagnostic testing variable analysis would be time confounded because advanced techniques were never used in very early trials and universally used in very recent trials. Epidemiological studies indicate that the introduction of sensitive serum tests for cardiac proteins dramatically increased the frequency of diagnosis of MI, and the development of computed tomography and magnetic resonance neuroimaging modestly increased the frequency of diagnosis of stroke. 15 Accordingly, we speculate that the decline in event rates we observed would have been even more pronounced had outcome event adjudications been stable in trials across decades, but we could not directly test this hypothesis.
This study was a trial-level meta-analysis rather than an individual, patient-level pooled analysis. Using trials as the primary unit of analysis is appropriate for the primary purpose of this study: to characterize changes in event rates in trials over time. However, a patient-level analysis would better be able to indicate the impact of changes in risk factors and their treatment on changes in vascular event rates. Our systematic literature search was confined to English-language articles, and this study may not have identified relevant trials published in other languages.
In conclusion, formal analysis of secondary prevention trials over the last 5 decades confirms that stroke investigators must cope with the paradox of progress. Our efforts to identify beneficial therapies have been notably successful, resulting in a substantial decline in the rate of recurrent vascular events in the control arms of secondary stroke prevention trials. As a result, however, trials of new therapies are more arduous, requiring ever larger sample sizes to confirm treatment efficacy. This systematic review can inform the design of future stroke trials. 
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